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Heat treatment of milk induces a reaction between the milk proteins and lactose, resulting in
lactosylated protein species. The lactosylation of the two major whey proteins a-lactalbumin and
p-lactoglobulin was investigated by reversed phase liquid chromatography—mass spectrometry (LC-
MS). Three sample series, consisting of aqueous model solutions of each whey protein separately
and in mixture and whole milk, were heated for different time periods, and the progression of the
lactosylation reaction was monitored. The observed degrees of lactosylation and the reaction kinetics
showed that the lactosylation of S-lactoglobulin was not influenced by the presence of other
components, whereas the lactosylation of a-lactalbumin was enhanced in whole milk compared to
the aqueous model systems. An in-depth evaluation of the LC-MS data yielded information regarding
changes of physicochemical properties of the whey proteins upon lactosylation. Whereas retention
time shifts indicated changes in hydrophobicity for both a-lactalbumin and j-lactoglobulin, changes
in the charge state distribution denoting conformational alterations were observed only for -lacto-
globulin. The analysis of different liquid and solid milk products showed that the lactosylation patterns
of the whey proteins can be used as indicators for the extent of heat treatment.

KEYWORDS: Whey proteins; o-lactalbumin; pg-lactoglobulin; lactose; glycation; liquid chromatography -
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INTRODUCTION for examining the resulting products in model systems and real-
life samples. Several groups have investigated the reaction
betweenS-LG and lactose by electrospray ionization mass
spectrometry (ESI-MS) and reversed phase high-performance
liquid chromatography—mass spectrometry (RP-HPLC-MS)
both in aqueous solutiomM{8) and in the dry state7¢9).

Whey proteins are important food proteins not only due to
their high nutritional value and their interesting technological
properties (1) but also from a health perspective, as they
constitute potent allergeng)( When milk undergoes processing,

:Ee techhnologlct:QI t’reatment? are (Il)kely t(f) ;ﬁsult n fhanges of Recently, a RP-HPLC-MS study on the lactosylation reaction
€ wheéy protéins propertes. Uné of he most common . ) A%in solution was published as well (10). ESI-MS and

!onrgces&tnhg S';[/? plﬁ '? dh;aat t:??;m?rn;’ v]t/itnct:h,tamofntgh Otlt'/ler”(l:hr?jngesf?P-HPLC-MS were also utilized to investigate the lactosylation
uces the Maillard reactio/@]. The first step of the Mailla of the whey proteins in various consumer and industry milk

re"’?"“"” i.S the formation O.f a Schift bas_e between a prOteindproducts B, 11-14). Other techniques that have been employed
Iysme residue a"?d a reducing sugar, which then rearranges t to examine the lactosylation reaction of the whey proteins
T e o M1, ke inmunacherical melods, 6)an caplarycec
1|‘Oormation of Iac’tosylated progtein %pecies. ’ 9 trophoresis_ (617) agidressingﬁ-LG moo_lel systems, with the
. ' . latter technique having also been applied to lactosylet&d

The lactosylation of the two major whey proteiadactal- andf-LG in milk powder samples (6,8). The lysine residues
bumin (@-LA) and f-lactoglobulin §-LG) has been investigated \yhere the reaction with lactose occurs (lactosylation sites) have
by various techniques, with most studies focusing solely on peen determined by analyzing tryptic digests of lactosylated
B-LG. Mass spectrometry, on its own and in combination with whey protein samples for botiLA (12, 14) andf-LG (4, 7,
liquid chromatography, has been found to be especially useful 11, 12, 14, 19). With regard to changes of the functional
for monitoring the progression of the lactosylation reaction and properties of the whey proteins upon lactosylation, it was shown
that the lactosylation of-LG enhanced its emulsifying and
* Corresponding author (telephoret3 1 4277 52322; fax-43 1 4277 foaming properties (20—22).

95?‘7’55{{[@'ocfhﬂﬁgst?égf%”ﬁgﬂi‘;r@;.“n'v'e'ac'at)' The studies reported so far on the lactosylation of whey

8 Department of Biochemistry. proteins have focused either on more fundamental aspects of
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Figure 1. Reaction of a protein’s lysine residue with a reducing sugar to form an Amadori compound.

the reactions betweanLA or 5-LG with lactose (e.g., reaction  were stored at-18 °C prior to analysis. For LC-MS analysis the heated

kinetics, modification sites) using model systems or on the whey protein solutions were diluted 1:10. From the heated milk samples
analysis of the lactosylation status in (industrially) processed Whey proteins were isolated using a modified version of the combined
milk products. However, detailed information on the lactosyl- lipid extraction and casein precipitation method described by Chen et

- . e . . al. (25). To 1 mL of heated milk were added 100 of 5% (v/v) acetic
tar?;tnisre%Ctrl‘r?iTkOfi;hlgc\:/;I(ri]r?g proteins in their natural environment, acid and 20Q:L of dichloromethane, and the mixture was centrifuged

I L . for 10 min at 7200 rpm (relative centrifugal force of 3480yielding

In the present cpntrlbutlon compgratlve mvestlgatlons of the nree layers with the top one containing the whey proteins. To deplete
lactosylation reaction of the two major whey proteins A and low molecular weight components an ultrafiltration step was carried
B-LG in different environments (matrices) using liquid chro- out. Three hundred microliters of the top layer was transferred to a
matography-mass spectrometry (LC-MS) as analysis technique centrifugal filter device with a regenerated cellulose membrane with a
are reported. The formation of Amadori compounds between nominal cutoff mass of 5000 Da (Millipore, Bedford, MA). After
the whey proteins and lactose upon heat treatment was studiecrentrifugation for 40 min at 8600 rpm (49§)0the retentate was further
for three sample series, consisting of solution model systemsPurified by twice adding 10@L of water and centrifuging for 20 min
containing one of the whey proteins and lactose (single protein f‘t 8.6?3 {Em' -rrlhe f'rr‘atl r_‘;t?m?t? Wlfsrrel_%o_rlcjgt”tﬂ with tﬁ mL of Vn‘gatler
lactosylation), a solution model system in which both whey '© Y'¢'¢ In€ whey protein iso‘ate. or analysis tnese samples

. . - - . were diluted 1:4 with water. Two series of the various samples were
proteins were incubated together with lactose (protein mixture :
) " T . ) heated and processed in parallel.

lactosylation) and a “real world situation” in which whole milk

h d (milk | lati C . fthe wh . Isolation of Whey Proteins from Milk Products. Whey proteins
was heated (milk lactosylation). Comparison of the whey protein qre isojated from the liquid milk products and an aqueous solution

lactosylation in the different matrices is a novel approach of the coffee whitener (0.2 g/mL) by lipid removal and casein
bridging simple model systems with the situation in complex precipitation. The sample was mixed with the same amount (w/w) of
“real world” matrices, which should provide information on a 0.3 mol/L sodium chloride solution containing 0.2% (w/v) Triton
whether the lactosylation of a specific whey protein is influenced X-100. After extensive homogenization by shaking with glass beads
by the presence of the other whey protein and the other milk for 1—2 h at room temperature, the solution was centrifuged @ 4
components (caseins, etc.), respectively. In studies concerningor 45 min at 16000 rpm (relative centrifugal force of 30360g). The
the thermal denaturation and aggregation of whey proteins the2dueous Iaygr was filtered, acidified Wlth 6 qu/L h_ydrochlorlc acid
existence of a mutual influence of-LA and 8-LG on each ' PH 2, and incubated at 3T for 20 min. Centrifugation at AC for
other has been establishe28(24). Another focus of the work 20 min at 16000 rpm, followed by filtration, yielded the whey protein

. . isolates. Low molecular weight components were depleted from the
presented here was an in-depth analysis of the LC-MS data towhey protein isolates of the liquid milk products by ultrafiltration. Two

gain information regarding changes of physicochemical proper- pngred and fifty microliters of sample was transferred to a centrifugal
ties of the whey proteins upon lactosylation and thus provide filter device with a regenerated cellulose membrane with a nominal
new details of the effects of the lactosylation reaction. Finally, cutoff mass of 5000 Da (Millipore). After centrifugation for 40 min at
several liquid and solid milk products were analyzed by the 8600 rpm (4960), the retentate was further purified by twice adding
LC-MS method to investigate the extent of lactosylation caused 100 uL of water and centrifuging for 20 min at 8600 rpm. The final
by different processing treatments. retentate was reconstituted with 48D of water. For LC-MS analysis
the whey protein isolates were used directly or diluted 1:2 or 1:5 with
water depending on protein concentration. For the WPC sample an
aqueous solution of 2 mg/mL was prepared, which was used directly
Materials. a-Lactalbumin and lactose monohydrate were purchased for LC-MS.
from Fluka (Buchs, Switzerland), wherg@dactoglobulin (mixture of LC—MS. The whey protein samples were analyzed by LC-MS using
variants A and B) was from Sigma (Steinheim, Germany). Pasteurized a HP 1100 series HPLC instrument (Agilent Technologies, Waldbronn,
whole milk, extended shelf life milk, ultrahigh-temperature-processed Germany) coupled to a PE Sciex API365 triple-quadrupole mass
(UHT) milk, and sterilized evaporated milk were purchased at a local spectrometer (MDS Sciex, Concord, Canada) equipped with an elec-
supermarket, whereas raw milk was acquired from a farmer in Styria trospray ion source. The LC separation was carried out on a Supelco
(Austria). Whey protein concentrate (WPC) was supplied by the Federal Discovery Bio Wide Pore £column (150x 2.1 mm, 3um) from
Research Center for Nutrition and Food Kulmbach (Germany). A sachet Sigma-Aldrich (Vienna, Austria). Elution was performed at a flow rate
of coffee whitener was obtained from commercial catering. Gradient of 0.25 mL/min with water containing 0.5% (v/v) acetic acid as eluent
grade water (Fluka) was used throughout. A and acetonitrile containing 0.5% (v/v) acetic acid as eluent B
Heat Treatment of Whey Proteins.Aqueous solutions containing ~ employing a linear gradient from 35 to 50% B in 16 min. The injection
o-LA, 5-LG, or both proteins and lactose were prepared at concentra- volume was 1QuL, which was increased to 2&L for samples with
tions at which these constituents typically are present in milk: 1.5 mg/ very low protein concentrations. The column was thermostated at 40
mL o-LA and/or 3 mg/mL5-LG and 46 mg/mL lactose. These solutions  °C, and the effluent was split approximately 1:100 before entering the
as well as commercial pasteurized whole milk were heated &€60 mass spectrometer. MS analysis was carried out in the scan mode with
a water bath. After 0, 2, 4, 8, 16, 24, 48, 72, and 120 h, aliquots were positive ionization using an ion spray voltage of 4200 V and scanning
withdrawn and cooled immediately in an iewater bath. All samples from m/z800 to 2200 in 5 s.

MATERIALS AND METHODS
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Figure 2. Total ion current chromatogram of the separation of the whey proteins o-lactalbumin and S-lactoglobulin. (Insets) Mass spectra of the protein
peaks with annotated charge states.

Data ProcessingFrom the total ion chromatograms summed spectra raphy with ESI-MS. A typical chromatogram obtained for the
were generated for the protein peaks. As the peaks of the two variantsseparation of the whey proteins and the mass spectra of the whey
of f-LG showed a partial overlap, a single spectrum containing both protein peaks are shown fRigure 2. a-LA and 5-LG were

variants was generated. The obtained spectra were deconvoluted usmg:leanly separated from each other withia5 min, and the two
MagTran 1.02 software, which is based on a charge state deconvolution_ _ . . . . . L
variants ofs-LG, which differ in two amino acid residues (var

algorithm described in re26. For the peak finding, a signal-to-noise i
threshold of 3 and a mass accuracy of 0.3 Da were set. TheA__’Va_r B: Asp64— Gly, Vall18— Ala), V\_/ere also CIe_arIy
deconvolution resulted in the summation of all charge states, avoiding discernible, although no complete baseline separation was

potential problems with changing charge state distributions that would achieved. The mass spectra @fLA and -LG (the latter
affect an analysis relying on extracted ion chromatograms of selected incorporating both variants) exhibited charge state distributions
charge states. The intensities at the respective peak maxima in thefrom 7+ to 12+ and from 9+to 18+, respectively (Figure 2
deconvoluted spectra were used to determine the degree of lactosylationnsets). Deconvolution of the mass spectra provided the masses

for each protein as the average number of lactose units bound per proteiryf the native (unmodified) proteins and the various lactosylated
molecule, which was calculated as follows:

species.
n Exemplary deconvoluted mass spectra are showkigare
Z i x intensity(proteint i x lactose) 3 for samples of3-LG incubated with lactose for 0, 8, 24, and
£ 120 h. In the nonheated sample signals for only ngthteés A
degree of lactosylatior — and -LG B were observed at masses that are in excellent

agreement with those calculated from the protein sequefiees (
LG A, 18363 g/mol;5-LG B, 18277 g/mol). In the sample that
had been heated for 8 h, additional signals with a mass increase
RESULTS AND DISCUSSION of 324 Da relative to the respective natiged.G variant were
noted. This mass shift corresponds exactly to the addition of
one lactose molecule to the protein by formation of a lactulo-
syllysine Amadori compoundFgure 1). In the sample that
had been heated for 24 h additiongtyl. G species containing
two lactosylated lysine residues were detected, whereas the
sample that had been incubated with lactose for 120 h showed
“single protein (solution)”, “protein mixture (solution)”, and singly, doubly, and triply lactosylatg@LG species and a shift
“whole milk”, respectively, in the following. The concentrations ©f the most intensive species from the native form to proteins
of the proteins and lactose in the single-protein and protein ONtaining one or two lactose units. Thus, the maximum number

mixture samples were chosen to reflect their respective naturalf 1actose units attached {6-LG and the overall extent of
concentrations in whole milk to allow a comparison between lactosylation increased with the extension of the heat treatment.

the model systems and the “real world” milk sample. The A similar increase in the extent of lactosylation was observed
incubation temperature of 66C was chosen to provide a [N the deconvoluted spectra afLA, whereby a maximum of
sufficient extent of lactosylation while at the same time WO lactose units were attached to the protein under the
preventing protein denaturation, which occurs above approxi- €mployed conditions (data not shown).
mately 65°C for a-LA and 70°C for 5-LG (23, 27). From the intensities of the various lactosylated and nonlac-
The heat-treated whey protein solutions and whey protein tosylated species in the deconvoluted mass spectra, an overall
isolates from the heat-treated milk samples were analyzed bymeasure for the extent of the lactosylation reaction was derived
LC-MS combining gradient-elution reversed phase chromatog- by calculating a degree of lactosylation as the average number

Z intensity(proteirt i x lactose)

Analysis of the Lactosylation of Whey Proteins by LC-
MS. The lactosylation ofr-LA and 5-LG in different solution
matrices was studied by heating aqueous solutions containing
one or both of these two whey proteins and lactose as well as
whole milk at 60°C for up to 120 h, taking aliquots after nine
different incubation periods. The samples will be referred to as
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Figure 3. Deconvoluted mass spectra of S-lactoglobulin heated with lactose at 60 °C for 0, 8, 24, and 120 h.

Table 1. Degrees of Lactosylation for Samples of Whey Proteins Heated at 60 °C for Different Time Spans (Mean Values of Two Sample Series
Each)

degree of lactosylation

o-lactalbumin P-lactoglobulin A [-lactoglobulin B
time single protein whole single protein whole single protein whole
(h) protein mixture milk protein mixture milk protein mixture milk
0 0.000 0.000 0.000 0.041 0.019 0.028 0.037 0.045 0.026
2 0.051 0.000 0.000 0.087 0.083 0.083 0.091 0.089 0.090
4 0.000 0.025 0.000 0.126 0.127 0.125 0.126 0.147 0.148
8 0.098 0.084 0.068 0.216 0.218 0.202 0.207 0.250 0.246
16 0.137 0.149 0.186 0.395 0.395 0.354 0.404 0.421 0.451
24 0.245 0.217 0.218 0.524 0.521 0.587 0.557 0.575 0.695
48 0.403 0.346 0.4452 0.949 0.970 1.0752 1.012 1.063 0.9652
72 0.457 0.5572 0.7312 1.248 1.115 1.242 1.264 1.191 b
120 0.747 - 1.1742 1.544 1.632 - 1.590 1.665 -

a Twenty-five microliter injection volume.  Spectrum quality not sufficient for deconvolution.

of lactose molecules bound to one protein molecule. This whole milk isolate, no traces of lactosylation were observed
approach assumes identical ionization efficiencies (i.e., responsefor a-LA prior to the onset of thermal treatment. With prolonged
factors) for the unmodified and the variously lactosylated protein heating the degree of lactosylation rose from below 0.05 to
species. This assumption is deemed to be valid as the basicaround 1.6 within 120 h for both variants gfLG, whereas
protonation site at the lysinesamino group remains intact  a-LA consistently showed a much lower degree of lactosylation,
after lactosylation (Figure 1). Previous literature reports in reaching the region of an average of one lactose unit per protein
which no change in ESI-MS response was found upon glycation molecule after 120 h. The lower extent of lactosylationderA

of proteins support the validity of this approa@8); Moreover, compared tos-LG can partly be explained by the different
as numerous potential lactosylation sites exist-bA and 3-LG numbers of lysine residues, which amount to 154drG (both
(4,12,14,19), a protein species with a certain number of lactose variants) and to 12 foa-LA. However, even if one takes this
units attached to it actually corresponds to a mixture of several difference in the number of potential lactosylation sites into
distinct molecules, in which the lactose is bound to different account and compares the average number of lactose units bound
lysines. Strictly speaking, these individual varieties could also per lysine residuey-LA still shows a consistently lower degree
differ in their ionization efficiencies, making any attempt to of reaction with lactose thgf+LG (e.g., lactose units per lysine
correctly determine the response factors of all protein speciesresidue after 48 h of heat treatment:LA ~ 0.033,5-LG ~

present highly unfeasible. 0.067). This finding suggests tkabn average—the lysine
The degrees of lactosylation obtained for the various samplesresidues irn-LA are less accessible for the formation of a Schiff
heated for different time spans are presentedTable 1. base with lactose than thosefALG. In contrast, the degrees

Whereas both variants ¢i-LG exhibited a small extent of  of lactosylation between variants A and B®E.G are generally
lactosylation even in the nonheated samples for both the proteincomparable, although it was noted tfatG B exhibited slightly
solutions prepared from a commercial standard as well as thehigher values in the majority of data points. This observation
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Figure 4. Kinetics of lactosylation of (a) c-lactalbumin and (b) S-lacto- %
globulin (sum of variants A and B). Data are from single-protein solution :‘f 0.8
experiments. 5
is in good agreement with a study on dry-state glycatigf-b 2 04
A and B (). Therefore, the lactosylation ¢f-LG may be a
characterized by the results obtained for the sums of the variants 0.0
A and B. 0 2 4 8 16 24 48 72 120
The progression of the lactosylation of the whey proteins with time (hours)

prolonged heat treatment can be succinctly summarized in the
form of kinetic plots, which are depicted Figure 4. Foro-LA

the degree of lactosylation showed a linear increase over the
entire 120 h of heat treatment. In contrast, the lactosylation of
p-LG proceeded linearly only for 48 h. Although longer

incubation times further increased the average number of Iactosethe whey proteins with caseins or other major milk constituents,

units bound t08-LG, the _reactlon o_ccurred at a decelerated resulting in the formation of high molecular weight aggregates.
speed. Because lactose is present in huge excess compared to ) .

A-LG (molar ratio of approximately 800:1) this kinetics suggests | e degrees of lactosylation for the three sample series
that the lactosylation reactions BfLG species already carrying obtained after various periods of heat treatment are juxtaposed

one or more lactose units occur at slower rates than that of nativell Figure 5. Comparison of the single-protein samples with the
B-LG. protein mixture samples revealed no significant differences

between these two series for bathLA and 5-LG. Whereas

the results fo3-LG were very similar for all incubation periods,

the degrees of lactosylation varied somewhat @oiLA,
especially for the samples that had undergone longer heat
carried out to assess whether the lactosylations of these Whex;reatments; however, these variations were scattered and showed

proteins are influenced by the presence of other components,"© distinct trend. .Therefore, neither of the two Whgy p_roteins
that is, the other whey protein and other milk constituents ®LA and -LG influences the other's lactosylation in an
(caseins, lipids, etc.), respectively. Although the samples 2du€ous s_oluyon. With regard to the whey proteins |solate_d from
consisting of aqueous solutions could be analyzed by LC-MS heated milk, it was found t'hat the degrees of lactosylation Qf
directly after dilution, an isolation procedure was necessary for #-LG corresponded well with those from the aqueous protein
the milk samples to remove lipids and caseins. This workup solutions. Thus, none of the milk constituents seems to
may lead to losses of the whey proteins, but it can be expectedsignificantly influence the reaction gf-LG with lactose. In

that the recovery rates will be identical for native and lactosyl- contrast to thisp-LA showed considerably higher degrees of
ated whey proteins. In this context it was noted that the protein lactosylation in the milk samples than in the protein solution
concentrations in the whey isolates from the milk samples that samples upon prolonged heat treatment. It seems that the
had been incubated for longer periods4g h) were low lactosylation ofa-LA is promoted by the presence of at least
compared to the other samples (aqueous whey protein solutionsone of the other milk constituents. One may speculatectHah

and milk heated for shorter periods), resulting in the need for undergoes interactions with one of these compounds (e.g., the
larger injection volumes and sometimes poor data quality caseins), which enhance its susceptibility toward a reaction with
prohibiting successful deconvolution of the mass spectra. The lactose. The results f@-LG would then indicate that this whey
reason for this observation may be attributed to reactions of protein either does not engage in such interactions or-ihat

Figure 5. Comparison of degrees of lactosylation for (a) o-lactalbumin
and (b) S-lactoglobulin (sum of variants A and B) from single-protein
solutions, protein mixture solution, and whole milk. Error bars indicate
standard deviations.

Comparison of the Lactosylation of Whey Proteins in
Different Matrices. A comparison of the reaction of-LA and
B-LG with lactose in different matrices (aqueous single-protein
solution, agueous protein mixture solution, and whole milk) was
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Table 2. Parameters of the Linear Regressions y = a + x + b of the Degree of Lactosylation versus Heating Time Obtained for a-Lactalbumin and
p-Lactoglobulin (Sum of Variants A and B) from Different Samples

whey protein source a b r?

o-lactalbumin? single-protein solution 0.0067 £ 0.0007 0.0281 £ 0.0222 0.9411
protein mixture solution 0.0076 + 0.0003 0.0068 + 0.0103 0.9897

whole milk 0.0102 + 0.0004 -0.0147 £ 0.0115 0.9927

-lactoglobulin single-protein solution . +0. . +0. .

| lobulin® ingl in soluti 0.0196 + 0.0005 0.0550 + 0.0098 0.9973
protein mixture solution 0.0202 + 0.0005 0.0551 £ 0.0101 0.9973

whole milk 0.0215 + 0.0007 0.0485 + 0.0159 0.9941

2 Data from samples heated for 0-72 h (n = 8). ? Data from samples heated for 0-48 h (n = 7).

the more likely case that they do exighese interactions do 105 cps **

not affect its lactosylation. a-lactalbumin
These strikingly different lactosylation behaviors @fLA 6 - (a)

andp-LG in heated milk samples is also reflected by the slopes /\*‘ 0 lactose

of the regression curves that were calculated for the linear ranges 5 1

of the kinetic plots (degree of lactosylation versus heating time) /\T i indtonn

for the various sample series and which are presentéalihe 41

2. Whereas the parameters of the linear regressiong-fae i

show practically no significant differences between the sample + 2 lactose

series (the slope of the regression curve of the milk samples 2 -

being just slightly higher than those of the protein solution

samples), pronounced differences exist doLA. The slopes 1

of the linear regressions are comparable for the single-protein 0

and the protein mixture sample series, whereas the slope of the 7 8 9 10 11 min

regression for the milk samples is significantly higher than those
of the former two.
This comparison of the extents of lactosylation of whey

B-lactoglobulin A

proteins induced upon heat treatment in different matrices + b *

showed that model systems consisting of aqueous solutions do ~ 10° cps /\

not necessarily correctly reflect the situation and modification b *0 lacloas
processes in “real world” environments (matrices). Moreover, 4- (b)

it was found that the deviations between model systems and j\* 1 lactose
real-life samples can vary considerably for different proteins. 3

Although highly simplified model systems are certainly useful

. ; . . + 2 lactose
for assessing fundamental questions without the influence of 2
other, potentially interacting, components, comparable system- 7
atic investigations of “real world” samples, which still have a 5 + 3 lactose

rather low level of complexity (as represented by whole milk
here), may contribute to the understanding of modification
processes of proteins in complex food samples. 0-5 T T -
Changes of Physicochemical Properties of Whey Proteins 9 o i il . 1? min
upon Lactosylation. A substantial variety of information can ~ Figure 6. Liquid chromatographic retentions of lactosylated whey
be obtained from an in-depth evaluation of the data provided Proteins: extracted ion chromatogram_s of (a) _a-lactalbumln species
by LC-MS analysis (chromatographic parameters and time- (charge_sta}te 9+) and (b) B-lactoglobulin A species (charge state 15+).
resolved mass spectra). A detailed investigation of the LC-MS Arrows indicate respective chromatographic peak maxima.
data acquired for the various lactosylated whey protein samples ) i ) ) ]
was carried out to gain information regarding changes of the both whey proteins. With an increasing number of lactose units
physicochemical properties of-LA and 5-LG upon lactosyl- attached to the protein, its retention decreased significantly. The
ation. shift in retention time amounted to approximately 0.5 min
First, the retention times of the various protein species having Pétween the native protein and the species carrying the most
no, one, two, or three lactose units attached to them were lactose units for botha-LA and f-LG. As a reduction in
investigated, whereby the discrimination between the different retention time in reversed phase chromatography corresponds
protein species was made entirely upon the number of boundt0 @ decrease in overall hydrophobicity of the interacting analyte
lactose units. Thus, variants resulting from different lysine surface, the extracted ion chromatograms indicate that the
binding sites were treated together (see also above). Theaddition of highly hydrophilic lactose moieties, which occurs
chromatographic peaks of the protein species with different at the lysine residues exposed at the protein’s surface, led to a
numbers of lactose units were obtained by generating extractedreduction of the protein’s overall hydrophobicity. The higher
ion chromatograms for the charge state with the highest intensity the number of attached lactose units was, the less hydrophobic
(9+ for o-LA and 15+ for 8-LG). The overlaid chromato-  the protein became. The broad and in some cases asymmetric
graphic traces of the various protein species are shoWwigumre shape of the chromatographic peaks of the highly lactosylated
6 for o-LA and 5-LG A (3-LG B gave equivalent results; data  protein species (e.gn-LA + 2 lactose; se€igure 6) possibly
not shown). The same trend in retention time was observed forresults from the variety of individual protein species with
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Table 3. Average Mass Spectrometric Charge States of Different
Lactosylated Whey Protein Species

average charge state?

lactose units

attached o-lactalbumin [-lactoglobulin A p-lactoglobulin B
0 8.59 £0.05 14.48 + 0.05 14.45+0.07
1 8.62 +0.07 14.32 +0.08 14.26 +£0.07
2 14.17 £0.15 1391+£0.16

@Charge states are given as mean value + standard deviation (n = 6, two
protein samples each heated with lactose at 60 °C for 16, 24, and 48 h).

Table 4. Degrees of Lactosylation for Different Liquid and Solid Milk

Products
Figure 7. Mass spectrometric charge state distributions of different degree of lactosylation®
lactosylated S-lactoglobulin B species from a sample of S-lactoglobulin milk product a-lactalbumin  B-lactoglobulin A B-lactoglobulin B
heated with lactose for 16 h. raw milk 0.000£0.000  0.116+0.014 0.118 +0.015
pasteurized milk 0.000+0.000  0.026 +0.044 0.055 + 0.048

f [H ; ; ; extended shelf life milk 0.000 + 0.000 0.014 +0.024 0.018 +0.032
different lactose binding sites that are summarized in these peaksultrahigh_temperature ik 032010289 065140180 0698 £ 0.055

and which may differ subtly in their retention characteristics.  eyaporated mik b b b

The second characteristic of the variously lactosylated whey Wwhey protein concentrate  0.394+0.073  0.564 +0.023 0.606 +0.024
proteins that was evaluated was their charge state distribution c°ffee whitener - - -
(CSD). The CSD of a protein depends on the number of
accessible ionization sites, which in turn is influenced by the
protein’s conformation. Therefore, changes in the CSD can
provide information regarding conformational changes induced

by structural modifications (29). _ the probability of it becoming charged. The results presented
Thus, the relative intensities of each single charge state weregpoye show that lactosylation has a significant influence on the
determined for the protein species having different numbers of cgp of 8-LG, shifting it toward lower charge states, whereas
attached lactose units (representing again the sum of specieshe CSD ofo-LA remained unaffected. The obtained CSDs
with different lysine binding sites). As an example, the plot of jngicate that lactosylation induced a slight change in the
the relative intensities of the different charge stategi G B conformation of3-LG toward a more compact (folded) structure
is shown inFigure 7. Whereas the maximum of the CSD was  (29), but it had no influence on the conformationoef A. The
the same for the native-LG as well as for thes-LG species gitferent influences of lactosylation on the CSDsoef A and
carrying one and two lactose units (namely, thetiéharge 5. G may be explained by different structural changes of the
state), the shape of the CSDs varied. The CSD of the native proteins upon lactosylation. The effects of the addition of a
B-LG exhibited a bell-shaped curve, whereas both lactosylated actose moiety on the complex network of interactions that is
p-LG species showed a “tail” of constant relative intensities responsible for a protein’s three-dimensional structure will
from the 10+ to the 12+ charge state. The differences between gepend on the initial structure and on the environment of the
the CSDs come to light most cleary if one examines the |actosylated lysine residue. The multitude of potential lactosyl-
deviations between the relative intensities of the differently ation sites results in the observed CSD changes representing
lactosylated 5-LG species and expresses them as relative an average for several variants, which prohibits a clear assign-

@ Degrees of lactosylation are given as mean value + standard deviation (n =
3). "No whey proteins detected. ¢ Levels of whey proteins too low to allow
deconvolution.

differences. For example, the relative intensities of thé &hd ~ ment of these observations to certain structural features. The
10+ charge states increase by factors of 3 and 6, respectlvew,finding concernings-LG is consistent with a previous literature
between the native and the doubly lactosylaeldG species,  report (9) and agrees well with the observation noted above

whereas the relative differences are below 50% for the higher that the addition of further lactose units to already lactosylated
charge states (140 17+). Similar observations were made 4..G species proceeds at a slower rate than the lactosylation
for f-LG A, whereas, in contrast, no distinct changes upon yeaction of natives-LG. It would be expected that a more
lactosylation were noted for the CSD@fLA (data not shown). compact structure of an already lactosylafedG species may
An alternative way of characterizing a CSD is the calculation impede the addition of a further lactose unit.
of an average charge state (intensity-weighted mean of all Lactosylation of Whey Proteins in Various Milk Products.
observed charge states). The average charge states obtained fqihe developed LC-MS method was also applied to the analysis
the variously lactosylated specieswlA and 5-LG are given of whey protein isolates of several liquid and solid milk products
in Table 3. Although the average charge state remained to investigate the lactosylation caused by different processing
unaffected by lactosylation foo-LA, significant decreases treatments. Milks that had undergone an increasing extent of
occurred with increasing lactosylation for both variantg-afG, heat treatment (from raw to evaporated milk) as well as a whey
with the effect being more pronounced for variant B. protein concentrate (WPC) and a coffee whitener were analyzed.
It is important to note again that lactosylation of a protein The degrees of lactosylation obtained for these samples are given
by the formation of an Amadori compound does not change in Table 4, and examples of the deconvoluted spectra acquired
the number of available ionization sitethe primarye-amino are shown inFigure 8.
group of lysine is converted into a secondary amiRigre In the milk samples that had undergone no or mild heat
1), which still may be protonated. However, the lactose moiety treatment (raw, pasteurized, and extended shelf life raik)A
may hamper the access of the proton to the amine, reducingshowed no lactosylation, whereas the degrees of lactosylation
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Figure 8. Deconvoluted mass spectra of whey proteins isolated from
different milk products (each spectrum is a combination of the spectra
obtained for the chromatographic peaks of a-lactalbumin and S-lacto-
globulin).

of B-LG were rather low and of similar magnitude. In contrast,
UHT milk showed extensive lactosylation for bathlLA and
B-LG, with a maximum of one and two lactose units attached,

respectively. The intense heat treatment used in the production

of evaporated milk obviously effected pronounced changes of
the whey proteins, as they could not be detected. In the group
of solid milk products the WPC exhibited substantial lactosyl-
ation. The degrees of lactosylation of both.A and 5-LG were
comparable to those observed for the UHT milk; however, it
was noted that the WPC exhibited a doubly lactosylatedA
species, which was not observed for the UHT mifigure 8).
Although whey proteins were detected in the isolate from the
coffee whitener, their levels were too low to enable deconvo-
lution of the mass spectra.

The results obtained for the various milk products show that
the degrees of lactosylation of the two major whey proteins
o-LA and 5-LG can serve as indicators for the extent of heat
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treatment the milk products have experienced. Whereas the
extent of lactosylation of one of these proteins is sufficient to
determine the intensity of the applied heat treatment, the
investigation of the lactosylation of both proteins can provide
additional information for characterizing heat-treated milk
products (different patterns of lactosylationoef.A for the UHT

milk and the WPC, which had both experienced extensive heat
treatment). However, further investigations on this topic are
necessary.

In conclusion, the LC-MS analysis of the lactosylation of the
whey proteinso-LA and 5-LG, resulting from different heat
treatments, in various matrices has shown the usefulness of this
methodology both for obtaining information on fundamental
issues such as reaction kinetics and physicochemical changes
and for characterizing the processing of commercial milk
products. Although other constituents present in whole milk were
found to influence the lactosylation reactionceL A compared
to aqueous model systems, no difference was observgalfGr.

An in-depth evaluation of the multifaceted LC-MS data showed
a reduction of the proteins’ hydrophobicities upon lactosylation,
resulting in retention time shifts and changes in the charge state
distributions of boths-LG variants, pointing toward conforma-
tional changes. Characteristic differences between the lactosyl-
ation of a-LA and f-LG in various liquid and solid milk
products showed the applicability of the method for monitoring
industrial heat treatments.

ABBREVIATIONS USED

o-LA, a-lactalbumin;f-LG, g-lactoglobulin; CSD, charge
state distribution; ESI-MS, electrospray ionization mass spec-
trometry; LC-MS, liquid chromatographymass spectrometry;
RP-HPLC-MS, reversed phase high-performance liquid chro-
matography—mass spectrometry; UHT, ultrahigh-temperature-
processed; WPC, whey protein concentrate.
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